The dynamics of the beryllium-7 specific activity in surface air over 1987-2011 is analyzed using wavelet transform (WT) analysis and time-dependent detrended moving average (tdDMA) method. WT analysis gives four periodicities in the beryllium-7 specific activity: one month, three months, one year, and three years. These intervals are further used in tdDMA to calculate local autocorrelation exponents for precipitation, tropopause height and teleconnection indices. Our results show that these parameters share common periods with the beryllium-7 surface concentration. tdDMA method indicates that on the characteristic intervals of one year and shorter, the beryllium-7 specific activity is strongly autocorrelated. On the three-year interval, the beryllium-7 specific activity shows periods of anticorrelation, implying slow changes in its dynamics * Corresponding author * * Principal corresponding author 
that become evident only over a prolonged period of time. A comparison of the Hurst exponents of all the variables on the one-and three-year intervals suggest some similarities in their dynamics. Overall, a good agreement in the behavior of the teleconnection indices and specific activity of beryllium-7 in surface air is noted.
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Introduction
Beryllium-7 (half-life 53.22 days) is a naturally occurring radionuclide that is produced in the upper troposphere (around 30 %) and lower stratosphere (around 70 %) [1] . After formation 7 Be attaches to fine aerosols, and its residence time in the atmosphere is long [2, 3, 4, 5] . The ensuing transport of the aerosols, and therefore of the radionuclide, is governed by the atmospheric circulation [6, 7] .
Concentration of 7 Be in any given location (altitude, latitude, longitude) depends on several factors [8] . First, the source of the radionuclide is its production in the higher layers of the atmosphere. Therefore, the production rate influences the total amount of the radionuclide. Second, transport can increase or decrease the radionuclide concentration at a particular location, depending on abundance of 7 Be in the transported air masses. Finally, the rate of the isotope removal influences its concentration in the atmosphere.
The above mechanisms have been investigated. Monthly 7 Be specific activities in surface air are inversely correlated with solar activity [6, 9, 10] . Air masses originating in the upper troposphere and lower stratosphere contain higher concentrations of 7 Be than surface air masses [11] . Beryllium-7 can thus be used as a stratospheric tracer, and has been investigated as an indicator of exchange processes between the stratosphere and troposphere [12, 7] . Further, the 7 Be concentration maxima have been correlated with an enhanced vertical transport and the intrusion of the stratospheric air masses across the tropopause [13, 14, 15, 16] . A positive correlation between the tropopause height and the 7 Be specific activity in surface air has been shown [17, 18] . Longitudinal and latitudinal distribution of 7 Be in the air has been noted [8, 19, 20, 21] , and it is in part influenced by horizontal transport within the troposphere. Wet deposition is the most significant mechanism of 7 Be removal from the atmosphere [10, 22, 23] , although different studies have shown no correlation or a negative correlation of the 7 Be specific activity with precipitation [6, 10, 24, 25, 26, 27] .
To further explain the behavior of 7 Be in surface air, its relation to local climate variables, including (but not limited to) temperature, atmospheric pressure, relative humidity, and sunshine hours, has been extensively studied [22, 13, 28, 29, 30, 10, 31, 32, 33, 34] . These studies, however, did not include an analysis of 7 Be relation with large-scale atmospheric circulation.
Variability in atmospheric circulation is described by teleconnection patterns, such as the North Atlantic Oscillation (NAO), Arctic Oscillation (AO)
and Pacific/North American (PNA) [35, 36] . These patterns are a measure of pressure oscillations over different locations, and have been shown to influence large-scale circulation [37, 38, 39] , which further reflects on local weather conditions [40, 41, 42, 43 ].
An influence of NAO on 7 Be has been implied [7, 44] , but only relatively recent studies have focused on the 7 Be specific activity in the air and largescale transport. For example, the abundance of 7 Be in Fennoscandia is not only influenced by NAO [45, 46] , but the atmospheric conditions seem to play a more important role than production [47] . Further, AO can modulate the stratosphere-troposphere exchange, and as a consequence, the AO variability can explain a large part of ozone variability in the lower troposphere over North America [48] . This finding is also relevant for 7 Be which is, along with ozone, transported from the stratosphere into troposphere. Tropopause height. Tropopause height was calculated following the procedure given in [18] . Input data for the calculations were taken form the NCEP/NCAR reanalysis [52] . In the procedure, an extrapolation of isobaric heights above and below the tropopause to the tropopause pressure was performed using the hy- 
Calculations
Two statistical methods were applied in the analysis of the 7 Be specific activity dynamics: wavelet transform analysis and time-dependant Hurst exponent method.
Wavelet analysis
Wavelet transform (WT) spectral analysis of the 7 Be time series was used to look into existence of periodic or quasi-periodic cycles in the data [53, 54] and to assess the overall statistical behavior of the 7 Be series [55] . The existence of cycles was then compared across the chosen datasets to find their common periodicities.
Wavelet transform analysis is commonly used as a tool to investigate time series that contain nonstationarities on a number of different frequencies [56] .
The WT procedure that we used is described in [55, 57] . In this paper, a set of Derivatives of Gaussian (DOG) wavelets of the tenth order was used to calculate WT coefficients. The calculated wavelet spectra represent variations of the analyzed signals on different time scales, and show increased values for the events occurring at a characteristic time scale. To detect those characteristic scales, a standard peak analysis was performed by searching the maximum and saddle (for hidden peaks) points in the WT power spectra of the investigated variables.
Time-dependant Hurst exponent
Centered detrended moving average (cDMA) technique operates through an estimate of a generalized variance of the long-range correlated series y(i) around the moving averageỹ n (i):ỹ
where n is the width of the moving average window. The time series y(i) is detrended by subtracting the local trendỹ n (i), and for a given window width n, the characteristic size of fluctuation for detrended time series is calculated by:
Function σ cDMA (n) is calculated for different moving window widths, n ∈
, where N max is the length of the entire series. An increase in the window width n increases the function σ cDMA (n).
When the analyzed time series follows a scaling law, the cDMA function is of a power-law type, i.e. σ cDMA (n) ∝ n H , where H is Hurst exponent which is related to the correlation properties of y(i). When 0.5 < H < 1, the series y(i) has a positive long-range correlation, or persistence; when 0 < H < 0.5, the series has a long-range negative correlation, or anti-persistence; and when H = 0.5, the series can be described as an uncorrelated Brownian process.
Local complexity in our data sets was investigated using the time-dependent DMA (tdDMA) algorithm [58] in the following manner. First, cDMA algorithm was applied on the subset of data at the intersection of the time series signal and a sliding window with a width N s , which moved along the series with a step δ s . The scaling exponent H was then calculated for each subset, following the cDMA procedure described above, and a sequence of local, time-dependent
Hurst exponents was obtained. The minimum size of each subset N min was defined under a condition that the scaling law σ cDMA (n) ∝ n H holds in the subset, while the accuracy of the technique was achieved with an appropriate choice of N min and δ min [59] .
In our tdDMA analysis, window widths of up to N s = 3265 were chosen, with the step δ s = 1. The scaling features of the chosen variables were studied on four characteristic periods: one month, three months, one year, and three years. These periods enclosed the 7 Be specific activity spectral peaks obtained by the WT analysis.
Results and Discussion
The wavelet spectra for the 7 Be data series were calculated in the range of 15-1500 points, corresponding to the time span of ten days to four years. This range was chosen having in mind the length of the time series analyzed (daily records in 25 years), so that we can obtain statistically relevant results [60] .
Augmented Dickey-Fuller unit-root test was performed on the 7 Be data series. The test showed stationarity of the data series.
Characteristic periods
Four characteristic periods (corresponding to the time coordinates of the local maxima) were detected in the 7 Be spectrum ( Fig. 1) : the peak around 30 days indicating a monthly cycle; the peak around 90 days indicating a seasonal cycle; the peak around 360 days indicating an annual cycle; and the peak around 1 000 days implying a longer cycle of around three years (triennial cycle). A seasonal periodicity has already been observed in the behavior of 7 Be [61, 46] .
A periodicity of 45-90 days in the 7 Be wavelet spectrum has also been reported before [47] , as an intermittent period connected to changes in teleconnection indices. Similarly, a periodicity of ∼ 2.5 years in the 7 Be surface concentrations has already been noted [6] . The meteorological data also showed a distinct annual peak, with additional peaks not coinciding with the 7 Be periods (Fig. 3) . The WT spectra for all temperature records, atmospheric pressure and sunspot number correlated well and significantly with the 7 Be spectrum (with correlation coefficients larger than 0.9). The only time series not following the strong correlation pattern was precipitation. These findings could indicate that in general, the atmospheric conditions strongly influence the 7 Be annual cycle, while temperature, atmospheric pressure, and sunspot number possibly have a bigger influence on the overall 7 Be variations. The triennial 7 Be cycle seems to be influenced by a combination of atmospheric conditions and teleconnections, which is in partial agreement with previous studies [6, 46, 62] .
Finally, the data for tropopause height showed a good overall agreement with the 7 Be cycles (with correlation coefficient larger than 0.9). As depicted in Fig. 4 , the tropopause height records displayed a distinct annual peak, together with less evident monthly and seasonal peaks. The tropopause height gave a multiannual peak indicating a period somewhat shorter than the triennial 7 Be peak. This tropopause height periodicity of ∼2.5 years has been identified previously [62] . A positive correlation between the tropopause height and the 7 Be specific activity in surface air was observed by [17, 18, 50] . 7 Be surface concentration Similarly, the differences in the type of changes from one year to another also seemed negligible. Only over a prolonged period of time, which was three years in the case of the 7 Be specific activity, we observed a variation in the 7 Be dynamics: the highly correlated regime apparently shifted to slightly correlated, even anticorrelated behavior. This would suggest an existence of a crossover in the radionuclide's behavior on large (multiyear) scales that is maybe masked by the presence of a one-year peak in the 7 Be wavelet spectrum.
Temporal dynamics of the

Comparative analysis of the variables' dynamics
To further analyze the observed behavior and possibly find a source of crossover in the 7 Be dynamics, we compared its local Hurst exponents on the one-and three-year intervals with the exponents of the other investigated variables (Figs. 6 and 7) . Similarities in the temporal evolution of these Hurst exponents are described by the correlation functions also shown in Figs. 6 and 7, with some characteristic values given in Table 1 . 
Dynamics over one year
On the one-year interval, the variables were autocorrelated, apart from NAO and precipitation over short periods (Fig. 6 ). The minima of the correlation functions occurred when the 7 Be specific activity was correlated with the corresponding variable's values recorded later in time (Table 1) . On the other hand, the maximum correlations showed a moderate to strong correlation (except precipitation) which occurred when the 7 Be specific activity was correlated with the corresponding variable's values recorded earlier in time. The strength of anticorrelation was less than the strength of correlation (i.e., the absolute value of the minimum was less than the absolute value of the maximum). These correla- tion coefficients could imply that changes in the teleconnection indices reflected on the changes in the 7 Be specific activity with a varying time lag: from less than a year for AO and NAO, to ∼4 years for PNA.
It is worth noting here that the extremes given in Table 1 , which are found with the time lag of 10 years, should be taken with caution, as that time lag is at the very limit of the analyzed time window. This was the case with precipitation on the one-year interval, and NAO, precipitation and tropopause height on the three-year interval.
Dynamics over three years
The long-range autocorrelations (on the three-year interval) give insight into the complexity of the variables' behavior (Fig. 7) . While on the one-year interval, there were no significant variations in the type of changes in the 7 Be specific activity from one year to the next, the temporal evolution was different on the three-year interval. Although the radionuclide's concentration showed strong autocorrelation prior to 1990 and after 2010, there were significant differences during the period in-between. The transition in the correlation mode, from correlated to anticorrelated, occurred in all of the variables, except the tropopause height which was anticorrelated throughout the 1987-2011 period (Fig. 7) . The maximum and minimum values of the correlation functions ( Fig. 7 and Table 1) show that in contrast to the one-year interval, anticorrelation between the Hurst exponents of the investigated variables and the 7 Be specific activity was stronger than their correlation. Further, the minima for the AO and PNA correlation functions occurred for a time lag of 4-5 years, which agrees with the aforementioned delay with which the mode reversals of the 7 Be Hurst exponents followed the shifts in the teleconnections' autocorrelations (Fig. 7) .
The slow changes in the dynamics of the 7 Be specific activity could be interconnected with the changes in the teleconnections. In one scenario of the interconnection, a direct influence of the indices on the 7 Be specific activity could be assumed. This scenario would then suggest a relatively long response time (4-5 years) in which the correlation changes in large-scale atmospheric circulation were mirrored by the correlation changes in the radionuclide activity.
On the other hand, if the teleconnection indices and 7 Be specific activity had a common driving mechanism, then the changes would first occur in the behavior of AO, then PNA and 7 Be specific activity (Fig. 7) . The correlation mode shifts for AO and PNA were not only earlier, but also faster (note a prolonged period in the second half of the 1990s during which the 7 Be Hurst exponent hovered close to 0.5). This slow reaction of the 7 Be specific activity to a driving mechanism would result from additional forces that dampen the influence and thus prolong the response time. Another potential interconnection between the variables is a combination of the two scenarios, encompassing a common driving mechanism and an influence that teleconnections exert on the 7 Be specific activity in surface air.
A possible explanation for the observed change in the correlation of the variables (Fig. 7) could lie in the solar activity during 1993-2005. This period encompassed the end of solar cycle 22 (1986-1996) and most of solar cycle 23 (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . In contrast to solar cycle 22 with high solar activity, solar cycle 23 was noticeably smaller [63] , and the changes in correlation modes could reflect those changes in solar activity. It is worth noting here that over 1993-2005, the decrease in the correlation of the 7 Be series was not associated with a decrease in the measured 7 Be specific activity. A major influence of solar forcing on the 7 Be surface concentration for timescales longer than one year has been noticed by [64] .
It is also interesting to note that the precipitation Hurst exponents on the three-year period ( (Fig. 7) . Further, very strong anticorrelation between the precipitation and 7 Be
Hurst exponents of -0.86 was noted with a time lag of approximately three years (Table 1) .
Finally, some caveats in our analysis should be mentioned. The availability of the 7 Be data limited the analysis to time periods from ten days to four years, not allowing investigation of periodicities on shorter time scales, such as the cycles found in a wavelet analysis of daily 7 Be concentrations [54] . It also limited our insight into longer, multiannual or interdecadal, periodicities reported in [45] . Moreover, WT spectral analysis is a linear method which detects linear combinations of characteristic frequencies unless their magnitude is very small [53] . Further studies should aim at improvements that look into recognition of these linear combinations, and their separation from true characteristic frequencies inherent to the data. The future modelling efforts could possibly profit from the results of the comparison of the WT spectra of the 7 Be specific activity, meteorological parameters, and teleconnection indices, and use our findings for re-calibration of modelling strategies.
Further, in our analysis an emphasis was given to an interrelationship between the 7 Be specific activity and other parameters. A mutual linkage between the parameters was not discussed, although our results offered some ready conclusions. For example, on the short characteristic intervals of one and three months, all teleconnection indices were autocorrelated (not shown), while periods of anticorrelation first occurred in NAO on the one-year interval (Fig. 6) and then in AO and PNA on the three-year interval (Fig. 7) . These results imply a very similar behavior between the AO and PNA teleconnections and the 7 Be specific activity, including slow changes which become evident only on the three-year interval.
Conclusions
Wavelet transform spectral analysis revealed the existence of four characteristic periods in the 7 Be specific activity: a one-month cycle, a three-month cycle, an annual cycle, and a triennial cycle. Our results implied that the tropopause height, atmospheric conditions (especially temperature), atmospheric pressure, and the sunspot number, significantly influence the overall 7 Be spectral behavior. The seasonal period also seems to be influenced by large-scale atmospheric circulation, particularly by the NAO and PNA indices, and by the tropopause height, which seems to also influence the monthly 7 Be period. The triennial 7 Be cycle is likely to be influenced by a combination of atmospheric conditions and teleconnections. In our data, the characteristic time periods of the NAO and PNA patterns seemed to match the periods of the radionuclide's activity better than AO.
Local Hurst exponent analysis offered further insight into the complex dynamic of the 7 Be specific activity in surface air and its relationship to dynamics of meteorological parameters and teleconnection indices. Comparisons were made on the 7 Be specific activity characteristic periods of one year and three years. On the time period of one year and shorter, the 7 Be specific activity was strongly autocorrelated. The longest, three-year interval, showed some periods of anticorrelation implying that changes in the dynamics of this radionuclide are slow and evident only on the scale of three years. Similarities in the overall pattern of the Hurst exponents on the four characteristic intervals suggest a good agreement in the AO, PNA and 7 Be specific activity behavior.
